Rotifer resting eggs often have to endure harsh environmental conditions during the diapause phase. 28
Introduction 53 54
Under stressful conditions such as extremes in temperature, or inadequate nutritional resources, 55 some animals migrate away, while others modify their behaviors and/or habitats to reduce 56 environmental stress. Dormancy is another adaptive mechanism to minimize the impact of stressors 57 and to protect organisms from harsh environmental conditions (Lubzens et al., 2010) . Dormancy 58 includes diapause and quiescence that are distinguished from a que of endogenous or exogenous 59 control, respectively (Ricci, 2001) . During dormancy, organisms' physiological and metabolic 60
Resting egg preparation 108 109
This study employed the Australian stain of B. manjavacas, which demonstrates active 110 induction of sexual reproduction (Araujo and Hagiwara, 2005; Kim and Hagiwara, 2011) . In order 111
to produce a sufficient number of resting eggs, the rotifers were cultured at 25 o C in 40L of 11 parts 112 per thousand (ppt) artificial seawater (Hagiwara et al., 1988; Hagiwara and Lee, 1991) . These 113 conditions are optimal for producing resting eggs. The rotifers were fed daily with a mixture of 114
Tetraselmis tetrathele (0.12x10 6 cells/ml) and Nannochloropsis oculata (3.5x10 6 cells/ml). Two 115 rotifer diets were independently cultured at 25 o C in 100L of 11 ppt artificial seawater with 116 continuous fluorescent light (2000 lx) and were mixed immediately before feeding. The rotifers 117
were cultured for 12 days and the resting eggs were harvested on the last day. The harvested resting 118 eggs were preserved in a 4 o C refrigerator (in total darkness) for four months. Prior to sample 119 preparation, the hatchability of the preserved resting eggs was confirmed. The threshold light 120 condition to induce hatching was 4400 lx for 30 min. In addition, illumination for 4h had no effect 121 on embryonic development with regard to morphological traits (unpublished data). Fifty resting 122 eggs were randomly selected from the preserved stock. These eggs were transferred into a 6-well 123 polystyrene microplate, incubated for 24h under continuous fluorescent light (3000 lx), and 124 maintained under the same conditions as used to form the resting eggs (25°C, 11 ppt). Three 20W 125 white fluorescent bulbs (FL20SW, Toshiba, Japan) in the incubator were used to irradiate these 50 126 eggs at 3000 lx. A mean of six replicates was used to calculate the hatching rate. 127 128
Morphological observation 129 130 5
The preserved resting eggs (n~18,000 eggs) were transferred into 500 mL glass beakers (from 4 131 to 25°C) containing 200 mL of 11 ppt diluted natural seawater. The three prepared beakers were 132 incubated at 25 o C under the following illuminance conditions; in total darkness (0 min, control) and 133 3000 lx fluorescent light for 30 min and 4h. After light illumination, the morphological 134 characteristics including diameter (width and length) and cell division of the resting eggs were 135 compared between the control and the 4h treatment groups using microscopic observation. 136 137 2.3. RNA extraction and cDNA synthesis 138
139
The light-treated (0, 30 min, and 4h) resting eggs were rinsed several times with milli-Q water 140 (millipore 0.24 μm) to remove saline water and feces. Total RNA was extracted with ISOGEN 141 (Nippon gene, Tokyo, Japan) based on the supplied protocol and was suspended in an appropriate 142 volume of autoclaved milli-Q water. RNAqueous ® (Small Scale Phenol-Free Total RNA Isolation 143 Kit, Ambion ® , Tokyo, Japan) was used to recover the total RNA with enzyme reactions according 144 to the instruction manual. The total amount of isolated RNA was quantified using UV 145 spectrophotometry (Gene Spec III, Naka instruments Co., Ltd, Ibaraki, Japan). Total RNA isolated 146 from some tissues often contains relatively high levels of genomic DNA. Therefore, 5 μg of total 147 RNA in each sample were treated with TURBO DNA-free TM (Ambion ® , Carlsbad, CA, USA) in 148 order to remove the genomic DNA and to subsequently remove DNase I and divalent cations from 149 the samples. cDNA was synthesized with 0.1 μg of isolated RNA using Advantage ® RT-for PCR kit 150 (Clontech, Tokyo, Japan) with the following ingredient mixture in a 500μL reaction tube: RNA, 151 oligo(dT)18 primer, milli-Q water and mineral oil to prevent evaporation. These mixtures were 152 The excised gene fragments containing cDNA fragments were melted and crushed with a micro-176 pipette; 1 μL of paste was extracted. Reamplification was performed in the same way as was the 177 prior amplification. Eighty reamplified cDNA fragments were electrophoresed on 1.8% of agarose 178 gel (Agarose-LE, Classic type, nacalai tesque, Kyoto, Japan). The gels were stained with 0.5 μg/mL 179 of ethidium bromide for 30 min and photos were taken under UV light. Gel bands containing the 180 target cDNA fragments were excised and purified using Wizard ® SV Gel and the PCR Clean-Up 181 System (Promega, Tokyo, Japan) according to the technical manual. The extracts of purified cDNA 182 The transcriptional levels of certain genes from each sample were validated using real-time RT-211 PCR. Sample preparation was performed as previously described. The primers for each gene were 212 designed after comparing the exon/intron boundary to the genomic DNA using GENRUNNER 213 software (Hastings Software, Inc., Hastings, NY, USA). They were then confirmed using the Primer 214 3 program (Whitehead Institute for Biomedical Research, Cambridge, MA, USA). In order to 215 determine the amplicon identity, all of the PCR products were cloned into the pCR2.1 TA vector 216 (Invitrogen) and were sequenced with an ABI 3700 DNA analyzer (Bionics Co., Seoul, South 217 Korea). Optimized conditions were applied according to the following CFX96™ real-time PCR 218 protocol (Bio-Rad, Hercules, CA, USA). A no template control (NTC) reaction was included in 219 every run for each primer pair in order to exclude DNA contamination in buffers/solutions and to 220 assess primer dimers. Controls that did not have the reverse transcriptase enzyme from the cDNA 221 synthesis reaction (no RT controls) were also used to test for genomic DNA contamination. All 222 real-time RT-PCR experiments were carried out in unskirted low 96-well clear plates (Bio-Rad). A 223 total of 2 μg of total RNA was used to synthesize cDNA for real-time RT-PCR. In each reaction, 224 0.2 µM of both forward and reverse primers for each gene was employed (Supplementary Table  225 2). The reaction conditions to detect specific PCR products were as follows: 94°C/4 min; 35 cycles 226 of 94°C/30 sec, 55°C/30 sec, 72°C/30 sec; and 72°C/10 min. SYBR Green (Molecular Probes Inc., 227
Invitrogen) was used to detect specific amplified products. In order to confirm the amplification of 228 specific products, cycles were continued under the following conditions: 95°C/1 min, 55°C/1 min, 229 and 80 cycles of 55°C/10 s with 0.5°C increase per cycle. All PCR products were sequenced at 230 Bionics Co. Amplification and detection of SYBR Green-labeled products were performed using 231 the CFX96 real-time PCR system (Bio-Rad). Data from triplicate experiments were expressed 232 relative to the expression of the internal control 18S rRNA gene used to normalize for any difference 233 in reverse transcriptase efficiency. Each transcriptional level was determined by the 2 -ΔΔC t method 234 (Livak and Schmittgen, 2001 Data are expressed as means ± S.D. Significant differences between the total darkness and the light-240 exposed groups were analyzed with one-way ANOVA followed by Tukey's test. P-values < 0.05 241 were considered as statistically significant. 242 243
Results 244 245

1. Morphological characteristics 246 247
The resting eggs had 91% hatchability under 24h of illumination. These eggs showed no 248 microscopic phenotypic differences in diameter (width 124.30 ± 6.25 μm and length 162.09 ± 3.18 249 μm for total darkness; width 125.73 ± 14.39 μm and length 170.34 ± 12.93 μm for 4h illumination) 250 or cell division compared to those of eggs under total darkness (0 min) or 4h irradiation (Fig. 1) genes that were classified into seven putative functional classes based upon their different light-258 dependent patterns (Fig. 2) . There were 80 differentially modulated transcripts depending upon 259 the light exposure. Twenty fragments were enriched in total darkness, 40 with 30 min of irradiation, 260 and 20 with 4h of light. There was also variable expression of genes that encoded certain enzymes 261 in different light settings (Table 1) . For example, the gene that encoded oxidase was actively 262 expressed under 30 min of light (43% among expressed enzymes). However, there was no 263 enrichment of this gene from eggs sampled in total darkness. Instead, in total darkness, the gene 264 encoding hydrolase (80%) was actively expressed in the resting eggs. In addition, 13% of the 265 enriched genes isolated from the total darkness samples had a putative function such as in cell 266 defense or homeostasis. This fraction was decreased with an increase of light exposure, resulting in 267 only 10% of the enriched genes after 30 min of illumination and 4% in the samples exposed to light 268 for 4h, respectively. Genes that significantly contribute to embryonic development were actively 269 expressed with any illumination period between 0 and 30 min (Fig. 2, Table 2 ). The transcripts that 270 code for the regulatory proteins LuxR, S-formylglutathione hydrolase (FGH), and glutathione S-271 transferase (GST) were observed in total darkness. These genes had highest scores and E-values. In order to test as to whether the modulation patterns inferred from the DDRT-PCR study can be 279 validated by an independent method, we selected several genes and tested their transcription 280 changes using real-time RT-PCR (Fig. 3) . The overall expression dynamics obtained with RT-PCR 281 were similar to the trends that were inferred from the DDRT-PCR results. RT-PCR revealed that 282 several transcripts have prolonged expression patterns. The transcriptional levels of LuxR, FGH, 283 and GST were highly detected in total darkness. The V-PPase and ACAD transcripts were highly 284 expressed with 30 min of illumination. The mRNA levels of Meckelin and RECQL5 were higher in 285 both the 30 min and 4h illuminated samples than they were in the total darkness sample. The gltT 286 11 transcription levels were highest with 4h of illumination. Overall, most genes showed similar 287 expression patterns with RT-PCR to their respective patterns obtained using DDRT-PCR. 288 289
Discussion 290 291
We used DDRT-PCR to isolate genes that were enriched under different light stimulations (0, 292 30 min, and 4 h) after transfer from 4°C to 25°C. There was no embryonic development observed 293 microscopically within four hours of irradiation (Fig. 1) . Interestingly, even at total darkness, the 294 transcriptional expression was modulated by temperature change. From eggs sampled in total 295 darkness, we isolated 22 enriched genes that were differentially expressed in response to 296 temperatures ranging between 4°C and 25°C. Compared to the eggs exposed to the other two light 297 treatments, cell defense and homeostasis genes were dominantly expressed in the total darkness 298 group with increasing temperature (Fig. 2) . The temperature increase in the absence of light 299 stimulation probably stresses the resting eggs, and leads to expression of genes that defend against 300 thermal protein damage. This suggests that these organisms use a molecular signaling system to 301 minimize damage caused by sudden temperature changes. 302
In aquatic invertebrates, oxidative stress is generally mediated by reactive oxygen species 303 (ROS), which are formed after exposure to environmental factors like heat, salinity, UV radiation, 304 and nutritional imbalance (Abele et al., 2007) . Increasing temperature, or thermal stress, 305 significantly influences oxidative stress biomarkers in marine ectotherms (Abele et al., 1998 (Abele et al., , 2002 306 Keller et al., 2004; Vinagre et al., 2014) . Glutathione (GSH) is an important molecule that plays a 307 role in hydrogen peroxide removal. Several researches have suggested that GSH may accumulate 308 during temperature-triggered oxidative stress in animals (Almeselmani et al., 2006; An and Choi, 309 2010) . Therefore, in the rotifer B. manjavacas, elevated temperature might also induce genes such 310 as S-formylglutathione hydrolase (FGH) and glutathione S-transferase (GST) ( Table 2) , both of 311 which are involved in the GSH-mediated metabolism. It is possible that rotifers have sensitive 312 molecular systems that trigger the expression of cellular defense and homeostasis genes (e.g. cell 313 defense system, antioxidant system, heat shock protein family) in response to environmental 314 stressors (e.g. temperature, UV radiation, salinity, toxicants) (Kim et al., 2011 (Kim et al., , 2013 Kim et al., 315 2014; Rhee et al., 2011; Wheelock et al., 1999) . The exact mechanism of such stress-triggered 316 molecular changes is not yet fully understood in the rotifer. Regardless, they act to protect and 317 conserve resting eggs at threatening, environmental changes. 318
In total darkness, the expression of luminescence-regulatory protein (LuxR) ( Table 2) is 319 modulated by halogenated furanones associated with a bioluminescence signal in the Vibrio species 320 (Kolibachuk and Greenberg, 1993; Egland and Greenberg, 1999; Manefield et al., 2002 hatching (Hagiwara et al., 1995) . The opsin-relevant genes in rotifers were conserved across species 326 to sense luminescence (Kim et al., 2014) . This suggests that a light-triggered molecular cascade 327 would be available with LuxR involvement. In addition, among the analyzed genes 328 (Supplementary Table 1) , Pcryo_1876 is one that functions as a component of heat-shock proteins 329 (Hsp90, Anderson et al., 2010; García-Descalzo et al., 2011) , protecting cells from elevated 330 temperature (Cooper, 2000) . In contrast, the Sacsin gene is a Hsp70 co-chaperone that may also be 331 a biomarker in the autosomal recessive human disease spastic ataxia (Parfitt et al., 2009) . Although 332 sacsin has not yet been functionally characterized in invertebrates, it likely has chaperoning activity 333 in response to temperature-triggered detrimental effects in B. manjavacas. 334
The largest number of isolated enriched genes came from eggs after 30 min of illumination. 335
Most of these genes encode putative functional proteins of embryonic development (Fig. 2) . One 336 example is V-type H(+)-translocating pyrophosphatase (V-PPase), which is involved in plant cell 337 growth and development (Sarafian et al., 1992) . More specifically, the V-PPase is a unique 338 electrogenic proton pump that couples pyrophosphate (PPi) hydrolysis. The molecular function of 339 the V-PPase gene is still unclear in aquatic invertebrates. However, it is known to play a critical 340 role in insect embryogenesis and the hatching process. Acid hydrolases are able to degrade yolk 341 granules with the proton pumping ability of V-PPase (Motta et al., 2009 ). In mice, the meckelin 342 gene plays an important role in the intraciliary transport of phototransduction molecules during 343 photoreceptor morphogenesis and maintenance (Collin et al., 2012) (Table 2) . Acyl-CoA 344 dehydrogenase (ACAD) catalyzes the initial step of fatty acid β-oxidation, the process of breaking 345 long fatty acid chains into acetyl CoA molecules, in the mitochondria. Fatty acid oxidation was 346 previously suggested to be involved in resting egg hatching (Hagiwara et al., 1995) . Therefore, the 347 transcriptional induction of the ACAD gene may be significant. 348
None of the genes associated with both light stimulation and embryonic development were 349 expressed during 4h of illumination. In the 4h illuminated group, interestingly, the RecQ protein-350 like 5 (RECQL5) gene was significantly expressed. In Escherichia coli, the RECQL5 gene functions 351 in DNA repair and recombination after UV-light exposure (Courcelle and Hanawalt, 1999) . Light is 352 required for resting egg hatching. However, the light used in this study was more intense than that 353 which would reach eggs resting on the bottom of estuaries. Therefore, it is likely that the 354 experimental eggs expressed RECQL5 in order to protect themselves from the strong light. 355
Similarly, the rotifer has a conserved, inducible defense system that involves replication of the 356 protein A complex, and is used during UV irradiation (Kim et al., 2011) . 357
Half of the genes that were enriched after 4h of illumination encode putative transporters and 358 enzymes (Fig. 2) . Many proton and chloride pumps are known to be light-driven transporters in 359 relation to the rhodopsin metabolism (e.g., proton/sodium-glutamate symporter protein; gltT) 360 (Table 2) . Numerous studies have also suggested that light induces the expression of diverse 361 enzyme-relevant genes. Given the importance of light for the expression of several genes, we 362 hypothesized that it would similarly important for embryonic development and the subsequent 363 hatching process in resting eggs. 364 14 Expression of oxidase related to mitochondrial activity initially appeared with light stimulation 365 (Table 1) . Mitochondria produce cellular energy (ATP) by oxidation, which also contributes to 366 cellular metabolism, signaling, and the control of cell cycle and growth (Henze and Martin, 2003; 367 McBride et al., 2006) . Therefore, high levels of oxidase expression may indicate active embryonic 368 development. Hagiwara et al. (1995) first suggested that a photochemical process may be involved 369 in resting egg hatching. Hagiwara proposed that UV photolysis oxidizes polyunsaturated fatty acids 370 (PUFA) in a resting embryo, which leads to the generation of prostaglandins and subsequent resting 371 egg hatching. Acyl-CoA dehydrogenase is important for fatty acid metabolism, and oxidation 372 (Ghisla and Thorpe, 2004; Leaver et al., 2011) (Table 2) Research (B) (2009 -2011 , No. 21380125 and 2012 -2014 Each area of the pie chart represents expression abundance of the gene indicated. The 18S rRNA gene was used as a reference gene to normalize the transcript level.
Significant differences (*) of the 30 min and 4h illuminated groups against the total darkness sample were ascertained when P < 0.05. 
